Abstract-In this paper, we explore the scaling limits of alternative gate dielectrics based on their direct-tunneling characteristics and gate-leakage requirements for future CMOS technology generations. Important material parameters such as the tunneling effective mass are extracted from the direct-tunneling characteristics of several promising high-gate dielectrics for the first time. We also introduce a figure-of-merit for comparing the relative advantages of various gate dielectrics based on the gate-leakage current. Using an accurate direct-tunneling gate-current model and specifications from the International Technology Roadmap for Semiconductors (ITRS), we provide guidelines for the selection of gate dielectrics to satisfy the projected off-state leakage current requirements of future high-performance and low-power technologies.
I. INTRODUCTION

R
EDUCING the gate dielectric thickness raises the MOSFET drain current or allows the supply voltage to be reduced while maintaining an acceptable drain current and facilitates the reduction of gate length by the suppression of short-channel effects. Aggressive scaling of CMOS technology in recent years has reduced the silicon dioxide (SiO ) gate dielectric thickness below 20 Å (see Fig. 1 ) [1] . Major causes for concern in further reduction of the SiO thickness include increased poly-silicon (poly-Si) gate depletion, gate dopant penetration into the channel region, and high direct-tunneling gate-leakage current, which leads to questions regarding dielectric integrity, reliability, and stand-by power consumption. The increased gate-leakage current is a well-recognized challenge to continued MOSFET scaling [2] , [3] .
As a result, there is immense interest in alternative gate dielectrics with higher relative permittivities [1] - [3] . The equivalent SiO thickness of a gate dielectric with relative permittivity and a physical thickness can be written as ( , where is the relative permittivity of SiO . For a given equivalent SiO thickness , using a high-gate dielectric with a physical thickness larger by a The projected range of equivalent SiO thickness t (left axis) for high-performance logic applications taken from the latest update of the ITRS [1] is plotted using bars. The supply voltages are also indicated. Assuming the most conservative t suggested by ITRS, i.e., the largest value for each bar, the gate-leakage current density through SiO (right axis) is calculated and plotted as the solid line. Even with conservative t scaling, excessive gate leakage prohibits continued gate-dielectric scaling using SiO , and prompts the search for an alternative gate dielectric.
factor of compared with SiO , achieves significant suppression of the direct-tunneling gate current and therefore results in considerable reduction in power consumption. Many materials systems are currently under consideration as potential replacements for SiO , which has been in use for more than three decades. Gate dielectrics such as silicon nitride (Si N ) or oxynitride (SiO N ) [4] - [10] , zirconium oxide (ZrO ) [11] , hafnium oxide (HfO ) [12] - [14] , aluminum oxide (Al O ) [15] , and lanthalum oxide (La O ) [15] have been actively investigated. However, replacing SiO with an alternative gate dielectric is not as simple and straightforward as it may appear. A systematic consideration of the required properties of gate dielectrics reveals a number of key guidelines for selecting an alternative gate dielectric. Basic material properties such as dielectric permittivity, band gap, band alignment with respect to silicon, thermodynamic stability, film morphology and uniformity, interface quality, and reliability are particularly important [2] , [16] , [17] . In addition, process integration issues, such as process compatibility and compatibility with the current, or expected materials such as metal gates to be used in future CMOS devices, must also be taken into account [18] , [19] . At present, many dielectrics appear favorable in some of these aspects, but very few materials are promising with respect to all of these guidelines.
Impressive progress has been made in recent years, resulting in the demonstration of alternative gate dielectrics with equivalent SiO thicknesses in the sub-10-Å regime [7] , [15] . While a lot of experimental work on these dielectrics has been performed [4] - [15] , little has been done with their potential scalability, taking into consideration specifications such as supply voltage and off-state gate-leakage current as given in the International Technology Roadmap for Semiconductors (ITRS) [1] . Since the search for a suitable dielectric candidate involves immense research efforts, and the key motivation for replacing SiO with high-materials is leakage reduction, it is important to ensure that the selected material is highly scalable and usable for many future generations of technology. We have recently presented an accurate direct-tunneling model for the Si N gate dielectric [8] and projected its scaling limits for high-performance and low-power applications based on the 1999 ITRS [20] . In this paper, we extend a similar analysis to other promising high-gate dielectrics, such as HfO , Al O , and La O using specifications in the updated ITRS [1] . Accurate models for the direct-tunneling current through these high-gate dielectrics are presented, and important material parameters such as the tunneling effective mass are extracted for the first time. We also introduce a gate dielectric figure-of-merit based on the direct-tunneling model for comparing the relative advantages of the various gate dielectrics. The scaling limits of high-gate dielectrics are then explored based on their direct-tunneling characteristics and the gate-leakage requirements for future CMOS technology generations. We also provide guidelines for the selection of gate dielectrics to satisfy the off-state leakage current requirements in high-performance and low-power applications.
II. DIRECT TUNNELING GATE CURRENT
A. Theoretical Model
The direct-tunneling gate-current density in CMOS transistors can be accurately modeled by a semi-empirical equation [8] , [21] , given by (1) where is the electronic charge, is the Planck's constant, is the dielectric permittivity, is the physical thickness of the gate dielectric, is the tunneling barrier height in eV, is the carrier effective mass in the dielectric, is the voltage across the dielectric, and is the electric field in the dielectric. The index indicates the dominant tunneling mechanism, such as electron tunneling from conduction band (ECB), and hole tunneling from valence band (HVB) [8] , [21] . Equation (1) is similar to the direct-tunneling model presented in [22] which is based on the Wentzel-Kramers-Brillouin (WKB) approximation [23] and its assumed independent and elastic electron processes with a one-band parabolic dispersion relation [24] , [25] . The empirical correction factor (2) constitutes the major difference between the models in [21] and [22] . In (2) , is a fitting parameter, and is the conduction band offset (used for ) or valence band offset (used for ) between Si and the gate dielectric. The exponential factor accounts for secondary effects such as the energy dependence of the densities of states at the electrode interface and effective masses in the dielectric, and affects the curvature of the tunneling current versus voltage characteristic. These effects were neglected in [22] . The factor in (2) ensures a zero at zero . represents the density of carriers in the inversion or accumulation layer in the injecting electrode, and can be written as (3) where is equal to , is the Boltzmann's constant, is the absolute temperature, is the threshold voltage, is the flatband voltage, and is the effective gate voltage after accounting for the voltage drop across the poly-Si gate depletion region. The rate of increase of the subthreshold carrier density with is dictated by ( where is the subthreshold swing), which is positive for N-MOS transistors and negative for P-MOS transistors. The effective gate voltage can be obtained by solving the Poisson equation in the poly-Si gate under the depletion approximation, and can be shown to be given by [26] (4) where and are the dielectric constants of the gate dielectric and silicon, respectively, is the doping concentration in the poly-Si gate, and is the surface potential of the silicon substrate. Equations (1)- (4) predicts all the significant gate-tunneling current components, including electron tunneling from the conduction band (ECB), electron tunneling from the valence band (EVB), and hole tunneling from the valence band (HVB) [21] , and have been incorporated in the latest version of the widely used Berkeley Short-Channel IGFET Model (BISM) model [27] . For circuit design and simulation using the most advanced technology, it would be useful to account for the gate-leakage current using an accurate model. This paper presents one of the first efforts in the extraction of material parameters of new gate dielectrics for device and circuit simulations, and for the evaluation of advanced technologies. Fig. 2 shows the excellent agreement between the model (lines) and experimental data (symbols) for Si N [8] , HfO [12] , Al O [15] , and La O [15] . The tunneling barrier heights between the gate dielectrics and Si are taken from the literature [8] , [28] , and the main fitting parameter for each dielectric is the tunneling effective mass . The experimental data is taken from selected gate dielectrics with negligible interfacial layers ( 5 Å) compared to the total physical thickness of the gate dielectrics so that the accuracy of the material parameters extraction and model fit using (1) is not expected to be severely affected. Since the HfO , Al O , and La O samples have in the 4.8-to-10.4-Å range while also demonstrating significant gate leakage suppression, any interfacial layer, if present, would have properties closer to the stated dielectric than to silicon oxide. Table I summarizes the important material parameters obtained in this paper. These parameters are useful for accurate modeling of the direct-tunneling current in transistors and circuits and for projecting the scaling potential, i.e., scalability, of these gate dielectrics. This will be illustrated later. Furthermore, these parameters may also be used for the design and optimization of stacked or composite gate dielectrics in transistors [30] . b Theoretical calculation using band structures obtained by the tight-binding method [28] .
B. Experimental Data and Extraction of Material Parameters
c From [29] . d From [8] . e Atomic nitrogen concentration of the Remote Plasma Nitrided (RPN) oxide or RPN-SiON is 7.4% [10] . Barrier height is interpolated from those of SiO and Si N , and is deduced from t and physical dielectric thickness.
f is a fitting parameter that accounts for secondary effects such as energy dependence of density of states and tunneling mass, and affects the curvature of the J -V curve [21] . An important graph to examine is the relationship between the gate-current density and the equivalent oxide thickness at a fixed inversion gate bias . It allows one to extrapolate the increase of with a reduction in . In Fig. 3 , the plot at V is illustrated for SiO and HfO . For SiO , excellent agreement between the experimental data and the direct-tunneling model (solid line) is observed for the range of considered. For a high-gate dielectric such as HfO , the dominant leakage mechanism is usually trap-assisted tunneling when the physical thickness is large [29] , [32] . Trap-assisted tunneling in thick HfO gate dielectric has been confirmed by the temperature dependence of the leakage current and can be well-modeled by Frenkel-Poole conduction. For HfO , this is typically true for above 16 Å [29] . As the physical thickness decreases, direct tunneling becomes the more dominant mechanism. Therefore, extrapolation of experimental data on the plot should be done with caution (see Fig. 3 ). Accurate extrapolation of the gate-current density to very small should be performed with the direct-tunneling model, as illustrated by the solid lines in Fig. 3 , and leakage data attributed to trap-assisted tunneling should be ignored.
III. SCALABILITY OF GATE DIELECTRICS AND GATE LEAKAGE REQUIREMENT
A. Gate Dielectric Figure-of-Merit
An important observation is that high-gate dielectrics that are less leaky at a given also have a larger slope in the plot. This is explicated in Fig. 4 for six different gate dielectrics. The trend of converging for the various gate dielectrics in the limit that tends to zero has never been pointed out before. This observation will be quantitatively explained later, but can be intuitively understood. If all other material parameters such as barrier height and effective mass are the same, a dielectric with a higher permittivity will have a larger slope in the plot since the change in the physical thickness for a given change in is larger for the material with a higher permittivity. Fig. 4 indicates that the leakage reduction factor resulting from the replacement of SiO with high-gate dielectrics should become smaller as is scaled down, and that the benefit of high-gate dielectrics diminishes with decreasing . While the permittivity of a gate dielectric is an important parameter, it should also be noted that the direct-tunneling leakage for a given is not solely or exclusively determined by the value of . The tunneling barrier height and the tunneling effective mass also strongly affect the direct-tunneling characteristics, and they should be considered together with in determining the merits of a gate dielectric. A figure-of-merit that accounts for these factors should be considered when assessing a gate dielectric.
In view of that, we consider the simplification of the exponent of the direct-tunneling equation (1) using a binomial expansion and neglecting higher order terms. The analysis leads to (5) which is of the form (6) where is a constant, is a pre-exponential factor, and is entirely dependent on the essential material properties of the gate dielectric , , and . The exponent of (6) indicates that the attenuation of the leakage current at a given is determined by , i.e., a larger reduces more significantly. The simplification exercise just described reveals that, to the first order, the figure-of-merit can be expressed by (7) As increases, and generally, but not always, decrease so that is not a simple function of , as depicted in Fig. 5 . Nev- ertheless, can be easily determined from the direct-tunneling characteristics for any given dielectric. It is evident from (6) and Fig. 4 that the slope of the plot is directly related to , implying that a dielectric with a higher also has a steeper slope. The figure-of-merit is also a useful quantity that can be directly related to the scaling limit of a gate dielectric.
It should be noted that the figure-of-merit is determined to a greater degree of certainty than the extracted material parameters such as the tunneling effective mass . For example, when using the -characteristic of a dielectric of a determined for parameter extraction, if a larger barrier height is assumed for the dielectric, the extracted tunneling effective mass would be smaller, and the figure-of-merit as computed using (7) would not be significantly changed. The important inputs that determine the figure-of-merit are the gate-leakage current density versus voltage data and the corresponding equivalent silicon oxide thickness.
B. Scaling Limit Projection
To explore the scalability of a gate dielectric based on technology requirements [1] , it is advantageous to define a scaling limit that is a function of the supply voltage and the maximum tolerable gate-current density . For a given and , we define the scaling limit of a gate dielectric, , to be (8) It is the minimum below which the direct-tunneling gate current at exceeds . The dashed lines in Fig. 4 illustrate how the scaling limits are obtained for several gate dielectrics when or is specified to be 1.0 V, and the maximum tolerable gate-current density is 1 A/cm . The scaling limit values for the various gate dielectrics obtained in Fig. 4 are plotted (solid circles) as a function of the gate dielectric figure-of-merit in Fig. 6 . The data points clearly show that a dielectric with a larger figure-of-merit has a lower scaling limit . Using the definition of outlined in (8) and the approximation for in (6) , it follows that (9) Therefore, for a fixed and , the scaling limit can be obtained from (9) to be (10) Equation (10) illustrates the inverse relationship between and , and is plotted as solid lines in Fig. 6 . Excellent agreement between (10), and the scaling limit data obtained from the direct tunneling model is observed, therefore validating the approximations made in (5) and (6) .
We may also keep fixed and vary to investigate the impact of a different specification on the scaling limit (see Fig. 6 ). Increasing pushes the scaling limits of gate dielectrics to lower or more aggressive values. Equation (10) indicates that a larger reduces logarithmically. When is increased from 1 to 1000 A/cm , the scaling limit of SiO is reduced by 6 Å, while that of La O is reduced by less than 2 Å. This shows that the scaling limit improvement with higher leakage tolerance is greater for SiO than for a high-dielectric. The reason is the smaller slope of the plot for SiO compared to that of a high-gate dielectric. The scaling limits can also be reduced if a lower supply voltage is used, but this reduction is less dramatic. Fig. 7 illustrates the versus relationship for a broad range of and for two different gate voltages. The versus plot can be employed for an analysis to obtain the gate dielectric figure-of-merit required to satisfy the specifications of a particular technology generation and application. Fig. 8(a) examines the gate dielectric figure-of-merit requirement for high-performance logic applications in the year 2007, where the projected microprocessor physical gate length is 25 nm, supply voltage is 0.7 V, and the range of is 6-11 Å [1] . At this technology node, the maximum tolerable gate dielectric leakage per unit device width for high-performance logic applications is 1 A/ m [1] , which translates to a gate-current density of 4000 A/cm . For conservative gate dielectric scaling using the least aggressive for this technology and application, i.e., 11 Å [1], a gate dielectric with a figure-of-merit larger than 3.84 (indicated by label in Fig. 8 ) is required. In fact, silicon oxynitride SiO N with a figure-of-merit between that of SiO and Si N , i.e., , would meet the specifications of this technology generation and application for down to 6.4 Å. For below 6.4 Å, e.g., in adopting the most aggressive value of 6 Å suggested for this technology generation and application, a gate dielectric with a figure-of-merit of 7.04 (indicated by in Fig. 8 ) or larger must be used to sustain a leakage level of less than 4000 A/cm . Fig. 8(b) examines the gate dielectric figure-of-merit requirement for the low standby power technology in the year 2007, where the projected physical gate length is 32 nm, supply voltage is 1.1 V, and the recommended range of is 12-16 Å [1] . It suggests that Si N is inadequate for satisfying the leakage requirement for low standby-power applications when the is below 16 Å, and that a gate dielectric such as HfO has to be introduced. Fig. 8 illustrates that the need for high-gate dielectrics such as HfO is more urgent for low standby-power applications compared to high-performance logic applications. Recently, promising results have been reported on the development of low standby-power CMOS technology using HfO gate dielectric [33] . Transistors with gate length down to 55 nm, HfO gate dielectric with electrical oxide thickness down to 15 Å, and off-state leakage current of 25 pA/ m were demonstrated [33] . High-gate dielectrics would probably be first introduced for low-power applications in a manufacturing process.
Next, we perform a more complete evaluation of the scalability of various gate dielectrics by examining the gate-dielectric scaling limits as a function of the projected technology requirements. Fig. 9 plots as a function of the projected technology requirements for each year of technology introduction. In Fig. 9(a) , the specification for high-performance logic applications is considered. For example, in the year 2004 where the gate length will be nm, 9 Å Å, and V, the maximum tolerable for high-performance logic applications is 0.1 A/ m, giving A/cm . With this specification, the scaling limits of SiO and jet-vapor-deposited (JVD)-Si N are 13.0 and 8.7 Å, respectively. This means that silicon oxynitride SiO N would meet the leakage requirement for this technology node even in the most aggressive (i.e., Å) scaling scenario. In fact, a gate dielectric with a would be sufficient to meet the specifications, e.g., an N/O stacked gate dielectric with an equivalent may be used. Note that the maximum tolerable for high-performance logic applications has been dramatically increased in the most recent revision of the roadmap [1] , so that SiO N will meet the leakage requirement through 2016. This was not the case in earlier versions of the technology roadmap [20] . Increasing or concurs with the motivation to extend the use of SiO N gate dielectric due to its numerous advantages compared to other gate dielectric candidates, e.g., excellent process compatibility, resistance to boron penetration, enhanced hot-carrier reliability, resistance to oxidation, and high breakdown strength. Recently, transistors with 30-nm gate length and a 7-Å SiO N gate dielectric have been demonstrated with excellent electrical characteristics, suggesting that an SiO N gate dielectric can be used at least down to 7 Å for high-performance applications [7] . If higher leakage-current density can be tolerated, the scaling limit of an SiO N gate dielectric can be pushed well below 7 Å. However, it remains to be seen if circuits can be designed with transistors with off-state leakage in the order of 1 A/ m or higher.
For the low operating power (LOP) applications, Fig. 9 (b) indicates that jet-vapor-deposited (JVD)-Si N or SiO N will not be usable after 2005 if the most aggressive recommended in [1] is adopted. However, if conservative scaling is followed, SiO N gate dielectric will be usable through 2016. Considerable challenges in process technology and materials science are encountered in the introduction of an alternative gate dielectric, requiring years of research . For a gate dielectric to be usable at a technology node, its scaling limit has to fall within or below the gray region. and development for the identification and qualification of a suitable material. Fig. 9 (c) stresses the urgent need for a highgate dielectric for low standby power (LSTP) applications after 2007, and suggests looking beyond HfO and Al O , e.g., La O , for long-term utilization beyond 2010 in the most aggressive scaling scenario. It should be noted that other issues [2] such as dielectric reliability, interfacial quality, trapped charge density, effective mobility, and compatibility with metal gate materials should also be considered in the selection of a gate dielectric in addition to the figure-of-merit or gate-leakage requirement analysis presented in this paper.
IV. CONCLUSION
Gate-leakage reduction is the key motivation for the replacement of SiO with alternative gate dielectrics. Since the search for a suitable dielectric candidate involves immense research efforts, it is important to ensure that the selected material is highly scalable and usable for many future technology generations. In this paper, we introduced a figure-of-merit for comparing the relative advantages of the various gate dielectric candidates. Important material parameters such as the tunneling effective mass were extracted from the direct-tunneling char-acteristics. A method for predicting the scaling limits of gate dielectrics was presented, and the gate-dielectric scaling limits were calculated based on projected technology requirements. Guidelines for the selection of alternative gate dielectrics were provided. For high-performance and low-operating-power logic applications, Si N or SiO N will be usable through 2016. A high-gate dielectric has to be introduced by 2007 for low standby-power technologies. Our analysis suggests looking beyond HfO and Al O , e.g., La O , for long-term utilization beyond 2010 in the most aggressive gate dielectric scaling scenario. Further work may be done to include more gate dielectric materials in this analysis and extend this projection for stacked gate dielectrics.
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